Abstract: Degradation of Congo Red (CR) a di azo dye in aqueous solution is investigated by a Photo Fenton like process using Fe 3+ ions as the catalyst and peroxy disulfate as the oxidant. The influence of various reaction parameters like, concentration of Fe 3+ ions, concentration of the dye, concentration of ammonium persulfate, pH of the solution and the presence of hydroxyl radical scavenger are studied and optimal conditions are reported. The degradation rate decreased at higher dye concentration and at higher pH. The rate constant (k), catalytic efficiency (k c ) and process efficiency (Ф) are evaluated for different concentration of Fe 3+ ions. The degradation of CR by the photo Fenton like process leads to the formation of 4-Amino, 3-azo naphthalene sulphonic acid, dihydroxy substituted naphthalene, dihydroxy substituted biphenyl, phenol, quinol etc., as intermediates, based on which probable degradation mechanism is proposed. These results show that a photo Fenton like process could be useful technology for the mineralization of di azo dyes under lower concentration of iron in acidic conditions. The present process is advantageous as it lowers the sludge production resulting from the iron complex.
Introduction
The textile industry produces large quantities of dye effluents that contain significant concentrations of organic dyes. These effluents directly enter into the rivers and other water resources. The difficulty in treating these dye effluents arises from several factors, which are characteristic of most textile industry waste streams. The effluents contain dyes that come from different production lines, and can therefore vary significantly in their qualities. The removal of these dyes from the wastewater is a great challenge for the related industries, since they are persistent in nature and difficult to destroy by ordinary treatment methods, especially in ppm and ppb concentrations. Among the various dyes used, azo dyes constitute about 80% of the reactive dyes. The traditional methods of removing these dyes by various processes like carbon adsorption, activated sludge treatment, membrane filtration, flocculation and reverse osmosis are inefficient, and has further disadvantage of secondary pollutions. These processes transfer pollutants from one phase to another phase. Ozone and hypochlorite oxidation are efficient decolorizing methods, but they are very expensive and tedious processes. Further secondary pollution arising from residual chlorine adds to the problem [1] . In recent years, Advanced Oxidation Processes (AOPs) is the field of interest for the degradation of these dyes. The reason for the popularity of AOPs is mainly due to the inability of biological processes to treat highly contaminated and toxic waste water. There are three categories of AOPs: (1) O 8 ). The present Research mainly focuses on the mineralization of Congo Red (CR) a di azo dye by homogeneous Photo Fenton like process. The presence of two azo groups makes the dye molecule more inert. Photo catalytic degradation of azo dyes seems to be significantly influenced by their polar nature, the number of azo bonds present in the dye molecule and the types of auxiliary groups attached to the azo bond. The triazo dyes are most difficult to degrade and the monoazo are easy to degrade, while the degradation of di azo dyes lies in between. The partial degradation of di azo dyes produces a mixture of substituted mono azo benzene, partially reduced di azo benzene and many more intermediates. CR has a strong affinity for protein material and cellulose. Its industrial uses include the dyeing of leather and paper. CR is a simple benzidine di azo dye. This red dye changes to blue when converted to disodium salt (process of salting out with NaCl). The red salt is used extensively to dye cotton directly.
The Photo Fenton process involves the production of hydroxyl radicals in situ, which is characterized by the non-selectivity in their attack. Hydroxyl radicals have a very high oxidizing power (2.8 V) next only to fluorine and mineralize most of the organic dyes to CO 2 and H 2 O. Fenton's process has proved to be promising, efficient, cost effective and an attractive treatment method for the effective degradation of dyes and hazardous organic pollutants [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The advantages of this process are that it is simple, and easy to operate; the reactions can be carried out under laboratory conditions. The advantages of this process over other oxidation process are that reagents are easily available, cheap and cost effective. Further no scattering of light takes place, contact between pollutants and the catalyst is high since reaction is homogeneous. The main disadvantage of this process is that the reaction proceeds efficiently only under acidic conditions; since under alkaline pH, iron precipitates as iron hydroxide. Secondly, removal of sludge containing iron ions at the end of the process is costly and needs a large amount of chemicals and man power. In view of this, the present research overcomes such disadvantages by using very low concentration of Fe 3+ ions. Azo dyes are not biodegradable by aerobic treatment process [18] . However, under anaerobic conditions azo dyes can be decolorized [19] [20] by reducing the azo bond to the potentially carcinogenic aromatic amines [21] . Therefore, its mineralization by this simple and cost effective photo Fenton like process is important.
Experimental Procedures

Materials
Ferric Chloride (FeCl 3 ) and methanol were supplied by Merck. Concentrated nitric acid and ammonium persulphate (APS) were obtained from SD Fine Chemicals, Bombay. The di azo dye Congo Red (CR) was obtained from Aldrich. The molecular formula of Congo Red is C 32 H 22 N 6 O 6 S 2 Na 2 and formula weight is 697. The other names of Congo Red are direct red and cotton red. The structure of the Congo Red is shown in Fig. 1. 
Irradiation procedure
Photo Fenton reactions were carried out at room temperature using a thermostat in a circular pyrex glass reactor with a diameter of 150 mm, a height of 75 mm, and a surface area found to be 176.6 cm 2 . Artificial light source used in the present study is 125 W medium pressure mercury vapor lamp. The photon flux of the light source is 7.75 mW cm -2 , as determined by ferri oxalate actinometry for the wavelengths around 350 -400 nm. The lamp was warmed for 10 minutes to reach a constant output. The emitting light was focused directly without any filters at a distance of 29 cm. All the experiments were performed using distilled water. The pH of solution was adjusted by adding either dilute NaOH or dilute H 2 SO 4 and measured using a Systronics Digital pH meter.
Analysis
The extent of degradation was followed by Schimadzu UV-1700 pharmaspec UV-visible double beam spectrophotometer. The reference used in the UV-vis spectral analysis had all the ingredients including Fe 3+ solution except CR. The resultant spectrum obtained is the subtraction effect to eliminate the influence of Fe 3+ ions on the CR molecule. The centrifugates were extracted into non-aqueous medium and 1 μL was 
Results And Discussion
Fenton's process involves the generation of hydroxyl radicals by using Fe 2+ with oxidizing agent like H 2 O 2 or APS. The present research uses Fe 3+ ions as the catalyst and APS as oxidizing agent. Persulfate can be induced to form sulfate radicals, which provides free radical mechanism similar to the hydroxyl radical pathways generated by Fenton's chemistry. The sulfate radical is a strong oxidizing species in aqueous media with a redox potential of 2.6 V. It is next to the hydroxyl free radical whose redox potential is 2.8 V. In addition to its oxidizing strength, persulfate and sulfate radicals have several advantages over other oxidant systems. First, it is kinetically fast. Second, it is more stable than the hydroxyl radical and thus able to transport greater distances. Third, persulfate provides better acidic pH necessary for Fenton's process. These attributes combine to make the persulfate a viable option for the chemical oxidation of a broad range of contaminants. A number of ways to generate hydroxyl radicals under acidic pH in Fe 3+ / APS system can be summarized as follows Fe 3+ reacts with persulfate anions, producing sulfate radicals, and is reduced to Fe
Then, the sulfate radicals react with water forming hydroxyl radicals
, which under UV light generates hydroxyl radicals [3] .
The photo generated Fe 2+ reacts with persulfate anions generating sulfate radicals as shown in Eq. 5, which acts as a source for the production of hydroxyl radicals as shown in Eq. 2.
This cyclic process leads to the generation of a greater number of hydroxyl radicals when Fe 3+ and APS are used under suitable experimental conditions.
Effect of oxidizing agent
The influence of the oxidizing agent is monitored by keeping Fe 3+ concentration constant and maintaining the solution pH at 3. Fig. 2 shows the plot of concentration versus time for the photo Fenton process at different oxidant concentrations. When the concentration of APS is increased from 20 ppm to 50 ppm, the degradation rate also increased. The visual discoloration of the dye was observed at 50 minutes for 50 ppm APS. The rate of the reaction at 30 minutes is found to be 0.6 × 10 -2 ppm min for 50 ppm APS. Beyond this optimum concentration degradation rate remains almost constant. The excess radicals generated may undergo recombination or may get involved in the side reactions, which is implied by the overlap of the curves in the Fig. 2 for both 50 and 60 ppm APS . Though more hydroxyl radicals are generated when APS is used as an oxidant, a greater number of protons are also produced simultaneously, as shown in the Eq. 2. The excess protons present in the solution acts as a hydroxyl radical scavenger, as shown in Eq. 6 [22] . Therefore, the APS concentration was optimized to 50 ppm.
Effect of Fe
3+
The effect of Fe 3+ ions was investigated by keeping the oxidant concentration constant (50 ppm APS) and maintaining the solution at pH 3. The rate of the reaction increased when the concentration of Fe 3+ ions is increased from 2 ppm to 6 ppm. The discoloration of the dye takes 80 minutes for 2 ppm and 50 minutes for 6 ppm of Fe 3+ ions. Beyond this optimum concentration, the rate of the reaction gradually decreased, as shown in Fig. 3 . This is due to an inhibition effect shown by the excess Fe 2+ ions. The excess Fe 2+ ions produced during the photo reduction of Fe 3+ ions (Eqs. 1 and 4) competes for hydroxyl radicals along with dye molecule, as shown in Eq. 7 [22] .
This reduces the availability of hydroxyl radical for the dye degradation. Moreover, it is better to optimize the reaction condition with a lower concentration of Fe 3+ ions so as to avoid sludge production resulting from the formation of the iron complex. The results show a rate of 2.6 × 10 -2 ppm min -1 when the Fe 3+ concentration is around 2 -6 ppm and decreases to 0.9 × 10 -2 ppm min -1 for higher concentrations of iron.
Effect of pH
The influence of pH on the decolorization was investigated by keeping the Fe 3+ concentration and oxidant concentration constant. pH of the solution is an important parameter for the oxidation of pollutants in Fenton's reactions. Kang et al. reported that the photo Fenton process is more effective under acidic conditions, and higher pH values are reported to be unsatisfactory for the oxidation of organic pollutants [16] . Under strong acidic conditions with pH 1.0, the decolorization of the dye is 69%, while at pH 3 it is 100% for 50 minutes of irradiation , as shown in the Fig. 4 Table 1 ). The decrease in the decolorization efficiency at lower pH values, is due to the fact that the excess H + ions in the solution may act as hydroxyl radical scavenger as shown in Eq. 6. Beyond the optimum pH 3, the degradation rate decreased, and in alkaline medium the dye almost resisted degradation. This is due to the precipitation of hydroxides of iron at higher pH, which further reduces the generation of hydroxyl radicals.
Effect of hydroxyl radical scavenger
The generation of hydroxyl radicals and its role in the photo Fenton's degradation mechanism is confirmed by performing the reaction in presence of hydroxyl radical scavenger like methyl alcohol [23] . Methanol reacts with hydroxyl radicals with second order rate constant around 9.7 × 10 8 mol -1 sec -1 (Eq. 8).
The effect of radical scavenger is shown in Fig. 5 . The discoloration of the dye completes in 50 minutes in the absence of alcohol. With increase in the volume of methyl alcohol from 0.5 mL to 3 mL, the decolorization efficiency decreases to 21%, and remains constant even after the addition of 6 mL of alcohol. This is due to the fact that the methyl alcohol can effectively scavenge hydroxyl radicals but not sulfate radicals. The sulfate radical anions produced in the case of APS shows various possible reaction mechanisms in the process of Photo fenton like process Fe 3+ /(NH 4 ) 2 S 2 O 8 /UV for the degradation of Di azo dye congo red using low iron concentration degradation: (i) Abstraction of hydrogen atom from the saturated carbon; (ii) Sulfate radical is capable of adding itself to the unsaturated compounds; (iii) Sulfate radical can also remove an electron from the anions and neutral molecules [24] . Hence the observed decolorization (21%) was due to the presence of sulfate radicals [25] . The rate of the reaction decreases from 2.6 × 10 -2 to 0.2 × 10 -2 ppm min -1 in the presence of alcohol (3 mL). This provides an evidence for the role of hydroxyl radical in the photo degradation process.
Effect of initial concentration of the dye
Initial concentration of the dye plays a major role and has a significant influence on the degradation rate. Fig. 6 shows the effect of initial concentration of the dye. The complete discoloration of the dye was achieved in 30 minutes for 5 ppm, and 50 minutes for 10 ppm dye concentration. When the concentration of the dye is further increased to 15 and 20 ppm, only 66% and 20% of the dye gets decolorized in one hour of UV irradiation. This observed decrease in the rate can be explained in the following way: (i) as the dye concentration is increased, the rate of generation of hydroxyl radicals will not increase proportionally; (ii) high dye concentration can reduce the UV light penetration into the depth of the solution which decreases the rate of generation of hydroxyl radicals; (iii) due to insufficient availability of oxidizing agent the degradation rate may further decrease [26] [27] ; (iv) at high dye concentration Fe concentration of the dye like dimerization, complex formation etc., which further complicates the reaction mechanism. The rate of the degradation for 5 ppm CR is 3.6 × 10 -2 ppm min -1 , while for 10 ppm it is 1.8 × 10
-2 ppm min -1 . With further increase in dye concentration to 20 ppm the rate drastically decreases to 0.4 × 10 -2 ppm min -1 . These results show that the photo Fenton process is more effective in treating the water containing lower concentration of the dye. Fig. 7 shows a plot of -log C/C 0 versus time. The rate constant k calculated for 6 ppm Fe 3+ solution is 1.8 × 10
Kinetic Studies
-2 min -1 , which is three times higher than that of k calculated for 2 ppm Fe 3+ (0.6 × 10 -2 min -1 ). The linearity in the above plot for 2 and 6 ppm Fe 3+ ions shows two stages indicating that kinetics of photo catalytic decomposition of CR follows two stages of first order rate. The rate constant in the first stage is nominal compared to the second stage. These values are shown in Table 2 . When the concentration of iron is ≥ 10 ppm, reaction deviates from first order kinetics and follows zero order. Catalytic efficiency (k c ) is a kinetic parameter that is calculated using the formula (9) Where 'k c ' is the catalytic efficiency, 'k l ' is the rate constant of the reaction with catalyst, 'k 0 ' is the rate constant of the reaction without catalyst. 'n' is the order of the reaction and Fe 3+ is the concentration of the catalyst used. 2+ increases. This complex has strong absorption in the UV region (280 -400 nm). Therefore, the complex competes with Fe 3+ ions for the photon absorption thereby decreasing the degradation rate.
(2) Excess Fe 2+ ion concentrations shows a scavenging effect. These ions instead of enhancing the degradation rate scavenge the hydroxyl radicals and convert them to hydroxyl anions and thereby getting oxidized to Fe 3+ ions (Eq. 7). This is also confirmed by kinetics experiments (Fig. 7) . The reaction follows zero order kinetics at higher concentration of catalyst. In the initial stages of the degradation reaction, substrate concentration and Fe 3+ ion concentration is high. They show interdependence on one another and follow first order kinetics. At the later stages of the reaction, substrate concentration decreases but the number of Fe 3+ ions remains constant. Therefore, degradation rate follows zero order kinetics.
The efficiency of photochemical reaction can be expressed in terms of quantum yield, which is equal to the number of molecules reacted divided by the number of photons absorbed. In the present method this effectiveness of photochemical reaction is calculated using 'Process efficiency (Ф)'. The Process efficiency is defined as the change in concentration divided by the amount of energy in terms of intensity and exposure surface area per time. When the concentration of the catalyst is increased from 2 ppm to 6 ppm, process efficiency increases. With further increase in iron concentration, process efficiency decreases as shown in the Table 2 . The data obtained from rate constant (k), catalytic efficiency (k c ) and Process efficiency (Ф) suggests that the present experimental design used for the degradation of CR is most efficient at lower concentration of iron. 
UV-visible spectroscopic analysis
The color of the dye solution changes from red to blue when the pH is lowered. The (λ max ) of the CR dye in the pH range 5 -9 is 497 nm attributed to the azo form of the dye. Under acidic pH 3 due to the progressive protonation, (λ max ) shifts to longer wavelength (577 nm) due to the formation of azonium ion. Similar red shift is observed for the peak at 268 nm to 284 nm (Fig. 8) .
On irradiation along with Fe 3+ ions and an oxidant, the band at 577 nm reduces in its intensity and completely disappears at 50 minutes resulting in the decolorization of the dye. This confirms the cleavage of azo chromophore in the dye molecule. The spectra recorded at 50 minutes shows peaks at 208, 268 and 360 nm corresponding to the aromatic intermediates formed during the process of degradation are shown in Fig. 9 . The band at 208 nm and 268 nm may appear due to the formation of mono and di substituted benzene derivative, and the band at 360 nm can arise due to the naphthalene substituted derivative. At two hours of irradiation a peak at 224 nm appears, which may correspond to the mono substituted benzene derivative. This peak slowly reduces in its intensity at 3.5 hours and completely disappears at 5 hours of irradiation indicating complete mineralization of the dye. In the initial stages, the peak at 224 nm corresponds to the electronic transitions of the aromatic rings in the CR molecule. But in the later stages, the peak still persists due to the formation of phenol as an intermediate, (which is further substantiated in the GC-MS analysis).
GC-MS analysis
The intermediates formed during the process of degradation are confirmed by GC-MS analysis. The GC-MS spectra show m/z peak at 651 of high intensity, which corresponds to (CR + 2H -H) species [28] . At 50 minutes, spectra showed m/z peaks of high intensity at 249, 253, 274 and 186 that appear due to cleavage of the dye molecule. The hydroxylated intermediates formed confirm the active involvement of hydroxyl radicals. The symmetrical cleavage of the molecule leads to the formation of 4,4
1 -Dihydroxy biphenyl and azo radical substituted 4-Amino naphthalene sulphonic acid. The peaks at 253 and 274 are left unassigned. The GC-MS spectra recorded at 2 hours has m/z peaks of high intensity at 110 and 160 corresponding to the dihydroxy substituted benzene derivative and dihydroxy substituted naphthalene derivative. The formation of 1,4-napthalenediol may result from the loss of the azo group as NH 4 + and NO 3 -ions and loss of SO 3 -as sulfuric acid. The resulting amino napthol yields diol by losing the -NH 2 group as NH 2 OH. The other peaks at 105, 152, 165, and 178 of lower intensity are not accounted. The spectra recorded at 3.5 hours have two m/z peaks at 94 and 152, which may arise due to the formation of phenol and 2-formylbenzoic acid. The formation of the latter is probably due to the oxidation of dihydroxy substituted naphthalene to napthaquinone, followed by the loss of ethylene molecule. The spectra at 5 hours has m/z peak at 44 corresponding to CO 2 , confirming the complete mineralization of the dye. Based on the UV-visible and GC-MS spectroscopic analysis, a probable reaction mechanism has been proposed (Scheme 1 & Table 3 ). 
Conclusion
The degradation of di azo dye CR was studied by a photo assisted Fenton like process using Fe 3+ ions and peroxy disulfate as an oxidant. The degradation rate was strongly influenced by many factors such as pH, concentration of Fe 3+ ions / oxidant / dye. The role of hydroxyl radical in the photo Fenton like process was confirmed by performing the degradation reaction in the presence of hydroxyl radical scavenger like methyl alcohol and its effects at different concentrations were studied. It has been shown that more hydroxyl radicals can be generated using Fe(III) as a catalyst and peroxy disulfate as an oxidant. APS is chosen as an oxidant, as it provides a better acidic pH, which is most essential for Fenton's process. The rate constant (k), catalytic efficiency (k c ) and process efficiency (Ф) were calculated. These results show that the present process is quite efficient and complete mineralization of the dye can be achieved especially at lower iron concentration. At higher iron concentration, the excess Fe 2+ ions showed a negative effect by scavenging hydroxyl radicals. Higher concentration of the dye reduces the UV light penetration into the solution thereby reducing the rate of generation of free radicals. A photo degradation pathway has been proposed based on the data obtained by the UV-visible and GC-MS spectroscopic techniques. Initially, the degradation proceeds with the formation of 4-Amino, 3-azo naphthalene sulphonic acid. The identified major intermediates are 4,4 1 -dihydroxy biphenyl, cresol, phenol, naphthol and 2-formylbenzoic acid. The complete mineralization of the dye was achieved in 5 hours of UV irradiation. The present homogeneous photo Fenton process is advantageous as it introduces simple, cost effective method for the degradation of di azo dye at very low iron concentration. 
